Abstract-Mutually coupled lines create challenges for legacy protection schemes. In this paper, a dynamic state estimation based protection (EBP) method is proposed to address these challenges. The method requires GPS synchronized measurements at both ends of the line and a high fidelity model of the protected line. The paper presents the dynamic model of the protected line and its impact on the performance of the protection scheme. Numerical simulations prove that the method can correctly identify faults, independent of position and type. The work also demonstrates the advantages of the proposed method versus legacy protection functions such as distance protection and line differential. These advantages include reliable and faster detection of internal low impedance faults, inter-circuit faults, and high impedance faults, even in cases of 1) partially coupled lines and 2) lack of measurements in adjacent lines.
I. INTRODUCTION
T RANSMISSION lines are important components of modern power systems. With ever larger demand for power transmission, transmission systems are evolving with more complexity. Because of limited right of ways, many transmission circuits share the right of way creating mutually coupled lines [1] - [3] . The coupling can involve multiple circuits with different lengths of coupling for each circuit.
The protection challenges for these lines are brought by the magnetic mutual coupling which affects voltages and currents as seen at the terminals of the line under protection. Fig. 1 shows an example mutually coupled transmission line system. The line under protection is line 2 (MN).
Known limitations in protection of lines, such as the one shown in Fig. 1 , are as follows.
1) Directional overcurrent protection and distance protection at relay I may occasionally fail to detect fault F 1 .
The measured voltage at relay I will be affected by zero sequence current in lines 1 (I 0,1 ) and 3 (I 0,3 ). It is possible that the directional element may not detect the fault while the distance function may see the fault beyond its zone setting [4] . 2) Distance protection with compensation [5] is a promising method to compensate for the effects of currents in adjacent lines. This method considers the zero sequence current of adjacent lines (I 0,1 and I 0,3 ) as inputs to calculate apparent impedance. The main disadvantages are as follows:
a) The protected line may not be mutually coupled for its entire length with the adjacent lines, as illustrated in Fig. 1 . In this case the relay may be overcompensated. b) Sometimes, measurement of the zero sequence current of adjacent line may require telemetering adding to the complexity of the scheme. c) Distance protection may not accurately detect intercircuit internal faults [6] , especially when the two lines are operating at different rated voltage levels. d) The induced voltage in the protected line is not only influenced by zero sequence current of the adjacent line, but also by positive and negative sequence currents as well (5%-7%) [6] , [7] . Thus, even in perfect conditions, the compensation method is subject to systematic errors, which will further compromise protection effectiveness. 3) Directional comparison scheme will confront similar problems as overcurrent directional element. The directional calculation results may be affected by the zero sequence current in adjacent lines [8] . 4) Line differential protection is one of the most effective protection schemes for mutually coupled lines [9] . However, there are limitations:
a) The capacitive current may desensitize the relay, especially for long lines.
b) High impedance faults are difficult to detect. In addition, most legacy protection functions are based phasors, which adds a delay in detecting the onset of a fault.
We present a protection method that is based on sampled values, requires a high fidelity model of the protection zone, requires only a few settings, and most importantly, it does not require coordination with other protection functions. Specifically, the method is based on dynamic state estimation to monitor the health of the protection zone and take protection decision based on the status of the protection zone. The method is called the dynamic state estimation based protection (EBP) (also known as setting-less protection) [10] - [13] .
The main idea behind the EBP relay is to monitor the consistency between the measurements and the dynamic model of the protection zone. Consistency is expressed in terms of probabilistic and quantifiable measures such as confidence level. Here the dynamic model consists of the differential and algebraic equations expressing the physical laws that the protected device(s) must obey. The quantification of how well the measurements fit the dynamic model of the protection zone is performed using dynamic state estimation. It is important to note that the EBP uses instantaneous values as opposed to phasors of legacy protection, and therefore, can detect faults within one of a few samples after fault initiation. This makes it a faster detector of faulty conditions. The best implementation of the EBP relay is with merging units (MU) technology: sampled values are transmitted to the process bus where the EBP uses the sample values to perform the analytics.
In this paper, the EBP algorithm is proposed to protect mutually coupled lines. Standard application of the EBP [10] - [13] requires that measurements are available at all terminals of the line(s) under protection. However, for mutually coupled lines, not all the terminal voltages and currents may be available, since some of the mutually coupled circuits may terminate at different substations than the line under protection. In this case, additional techniques such as introducing additional states (e.g., currents in mutually coupled lines that are not available as measurements) are necessary to ensure performance of the EBP relay. This paper first introduces a systematic way to derive the model of protected lines. Next, the performance of EBP relay for mutually coupled lines under several scenarios is presented via numerical experiments. Finally, detection and correction for hidden failures, which enhances the security and reliability of the EBP relay, is discussed.
II. EBP METHOD
The EBP method has been introduced in [10] - [13] . In this section, we provide a concise description of the EBP method. EBP utilizes dynamic state estimation (DSE), which estimates states x(t, t m ) (with length of m x ) from available measurements z(t, t m ) (with length of m z > m x ) and a dynamic mathematical model of measurements expressed in terms of an algebraic companion form. This section will be arranged as follows. First, the construction of the dynamic mathematical model of measurements in algebraic companion form is introduced; next, the DSE procedure is described to provide the estimated states x(t, t m ); finally, the trip logic of EBP is provided.
A. Dynamic Measurement Model in Algebraic Companion Form
The measurement model is constructed in an object-oriented way. First, the device quadratized dynamic model (QDM) for any specific component is introduced; second, the device QDM is equivalently transformed into device algebraic quadratic companion form (AQCF); finally, the measurement definitions are considered to obtain the measurement of the AQCF model.
The device QDM describes all physical laws that the specific component should satisfy via a set of differential and algebraic equations. The device QDM is shown in the following format,
where x(t) and i(t) represent the state vector and the terminal current vector of the model, respectively. Usually terminal voltages are included in x(t). Sometimes the protection zone consists of several components (protection unit). The overall protection zone device QDM can be derived by combining the device QDM of each individual component. This combination is achieved by observing the fact that, for the shared nodes among these components, the voltages are the same and the currents should be summed up to zero. Thereafter, the combined model has the same syntax as the device QDM, shown in (1) .
Specifically, in this paper, the device QDM of a partially mutually coupled line is constructed as follows. 1) The line is divided into several segments where each segment represents a mutually coupled line (an example can be found in Section III). 2) For each mutually coupled line segment, a multisection model is utilized, where each section is a short π-equivalent line. The reason to use the multi-section model is to ensure accuracy during numerical calculations. The number of sections for the multi-section model is chosen such that the traveling length of electromagnetic waves during one sampling interval is comparable to the length of each section. Based on this, the overall model can be generated by combining all sections and segments together. The device QDM of the π-equivalent mutually coupled line section is given in Appendix A.
The device algebraic quadratic companion form (AQCF) is obtained by quadratic integration [14] of device QDM. This process transforms device models into algebraic companion form equations that fully retain the dynamics of the model. The device AQCF has the syntax described below.
T , t m = t − ∆t, ∆t is the sampling interval, and all other matrices can be directly derived from matrices in (1) .
The measurement AQCF is formed by expressing each measurement as a function of the protection zone state utilizing the protection zone AQCF. For example, consider the measurement of a terminal current of phase A of the line at time t. The AQCF model of this measurement will be the first equation of (2), which expresses the phase A current at time t as a function of the line states at time t and t m . In general, the measurement AQCF has the following syntax:
Here the measurements z(t, t m ) include: 1) actual measurements measured by VTs/CTs, with standard deviations determined by meters; 2) virtual measurements representing physical laws that must be obeyed by the protection zone, e.g., KCL, KVL, etc., and a relatively small standard deviation is assigned; and 3) pseudo measurements representing physical quantities, not directly measured, for which a typical value is expected and a relatively large standard deviation is assigned.
B. Dynamic State Estimation (DSE) Procedure
The state vector x(t, t m ) in (3) needs to be estimated. We have developed three dynamic state estimators. Here only one of the solution methods (unconstraint weighted least square) is provided since the results are statistically similar with other methods. For each DSE time step, the method first constructs an unconstrained optimization problem,
, · · · , and σ i is the standard deviation of each measurement.
Next, the best estimated state vector is provided by the following iterative algorithm until convergence,
where the Jacobian matrix H = ∂h(x)/∂x.
C. Trip Logic of EBP
After calculating the best estimated state vectorx(t, t m ), the health condition of the protection zone, or the confidence level [15] P conf (t) is calculated as,
where P (ζ(t), m v ) is the probability of χ 2 distribution given χ 2 ≤ ζ(t) with m v = m z − m x degree of freedom,r(t, t m ) is the residual vector, andŝ(t, t m ) is the normalized residual vector.
The confidence level acts as an indicator of the consistency between the measurements and the model. If the confidence level is high (near 100%), the system is healthy. If the confidence level is consistently low, there must be some internal fault inside the protection zone. To ensure dependability and security of the EBP scheme, two settings (a user defined time delay τ delay and a reset time τ reset ) are introduced to decide the trip signal as below. The trip signal is issued only when the confidence level remains consistently low for a user defined time interval. The trip logic settings for the EBP relay are τ reset and τ delay .
III. SIMULATION EXAMPLE: PARTIALLY MUTUALLY COUPLED TRANSMISSION LINES
In this part, we demonstrate the performance of EBP on partially mutually coupled lines. An example system is shown in Fig. 2 . There are 9 voltage and 9 current measurements. Notice that the measurements at side M 1 are easy to obtain since line 1 and line 2 share the same substation M. Our objective is to protect line 2 (39 miles in total, 1.2 kA current rating). The relative positions of these mutually coupled lines are given in Fig. 3 . The device model is built by combining the following four segments: MP (mutually coupled lines M 1 - 
A. State and Measurement Additions for EBP Relay
As shown in Fig. 2 , there is a total of 6 terminals (M 1 , M 2 , P 3 , Q 1 , T 2 , S 3 ); however, measurements are available only at 3 line terminals (M 1 , M 2 and T 2 ). While measurements at the other terminals can be telemetered, we elect not to relay on these measurements to minimize the complexity of the scheme. Instead, we introduce additional states, such as virtual measurements and pseudo measurements to enable operation of the proposed EBP scheme.
1) Additional States
Currents in mutually coupled lines are introduced as additional states to be estimated by the EBP algorithm. In the example of Fig. 2 , it will be the currents in lines 1 and 3. To ensure observability of the system, additional virtual and pseudo measurements are considered next.
2) Additional Virtual Measurements
Additional virtual measurements describe the physical laws influenced by the mutual coupling. Voltage drops between two terminals of any line due to the currents through the adjacent lines are introduced as virtual measurements.
3) Additional Pseudo Measurements
Pseudo measurements are introduced to augment the measurement set, provide redundancy, and ensure observability. 
B. Settings of Relays
Line 2 is assumed to be protected with two legacy protection functions: 1) distance protection with compensation method, and 2) line differential protection. It is also protected with an EBP relay. The settings of these protection functions are as follows.
1) Distance Protection Settings
The sequence parameters of the transmission line are computed and shown in Table I . The selected settings for this relay are shown in Table II , with zone 1, zone 2, and zone 3 chosen as 80%, 125%, and 260% of the positive sequence impedance of line 2. Here, the zero sequence selfcompensation factor of line 2 is k
L1 , the zero sequence mutual-compensation factor between line 2 and line 1 is k
L1 , and the zero sequence mutual-compensation factor between line 2 and line 3 is k 
2) Line Differential Protection Settings
The line differential relay uses the alpha-plane method [16] . The restraint region is between 1/6 to 6, with total angular extent of 195
• . The relay trip logic is activated when at least one of the following thresholds is exceeded: 1) phase current exceeds 1.44 kA, 2) zero sequence current exceeds 120 A, and 3) negative sequence current exceeds 120 A. The relay will trip when the trip logic is activated and the ratio falls outside the restraint region, with a delay of 0.02 s.
3) EBP Relay Settings
For consistency, the intentional delay is also selected as τ delay = 0.02 s and the reset time is τ reset = 0.04 s.
C. Event Studies
We compare the performance of the legacy protection functions to the EBP relay performance via specific events. For the distance protection relay, the trace of the impedance "seen" by the relay is shown in Fig. 5 . We can observe that the impedance falls into zone 1 during the external fault and line 2 is wrongly tripped at 0.509 s + 0.02 s = 0.529 s. This mis-operation is because the zero sequence current through the whole length of line 1 is wrongly assumed as the measured current at side M 1 . For the line differential protection relay, the phasor ratio trace of phase A is shown in Fig. 6 . The other phases are not shown. Along the trace, the character "o" means the thresholds are not exceeded while the character "x" means the thresholds are exceeded. (The definitions can be applied to all line differential relay figures.) The ratio stays near (−1, 0) both prior to the fault and during the fault, with no thresholds exceeded (with the character "o"). Thus, line differential protection relay correctly ignores this external fault. For the EBP relay, the results are depicted in Fig. 7 . Here in the first two channels we show the residuals and normalized residuals of three-phase currents of side M 1 . Also, the confidence level and the trip signal are given in the next two channels. The confidence level stays low for a very short period (around 2 ms) due to transients and then keeps a 100% confidence level during this external fault. Therefore, the EBP method also correctly ignores this external fault. In summary, for this external fault, the distance protection relay wrongly trips the line at 0.529 s; the line differential protection relay correctly ignores this external fault; EBP relay also correctly ignores this external fault.
Event 2: Bolt line 2 phase A to line 1 phase C internal inter-circuit fault. A 0.01-ohm line 2 phase A to line 1 phase C internal fault happens inside segment P-Q at 5 miles from side P and time 0.5 s. In line 2, the location of the fault (51% of the line) is within the instantaneous trip zone of the relay (80% of the line). The results of available current and voltage measurements are shown in Fig. 8 . For the distance protection relay, the trace of the impedance "seen" by the relay is shown in Fig. 9 . In the figure we can observe that the impedance falls inside of zone 2 during the internal fault. Therefore, the distance relay trips this fault with some delay at 0.512 s + 0.15 s = 0.662 s. This tripping with delay is because for distance relay it is hard to identify inter-circuit faults, especially between lines with different rated voltage levels. For the line differential protection relay, the phasor ratio trace of phase A is shown in Fig. 10 . The other phases are not shown. Prior to the fault, the ratio of phase A is near (−1, 0) , and none of the thresholds are exceeded (with the character "o"). During the fault, the thresholds are gradually exceeded (from the character "o" to "x") with the ratio entering the tripping zone. The differential protection relay correctly trips this fault at 0.519 s + 0.02 s = 0.539 s. For the EBP relay, the results are depicted in Fig. 11 . The fault is detected by the drop of the confidence level at 0.5002 s and the trip signal is triggered at 0.5202 s.
In summary, for this internal fault, the distance protection relay trips the line with delay at 0.662 s; the line differential protection relay correctly trips the line at 0.539 s; the EBP relay correctly trips the line at 0.5202 s. For the distance protection relay, the trace of the impedance "seen" by the relay is shown in Fig. 13 . In the figure we can observe that the impedance falls outside of the tripping zone during this internal fault. Therefore, the distance relay wrongly ignores this internal fault. This refusal of operation is due to the high fault impedance. For the line differential protection relay, the phasor ratio trace of phase A is shown in Fig. 14 . The other phases are not shown. The ratio of phase A stays inside the restraint region with no thresholds exceeded (with the character "o"). Therefore, the line differential relay also wrongly ignores this internal fault due to high fault impedance.
For the EBP relay, the results are depicted in Fig. 15 . The fault is detected by the drop of the confidence level at 0.5002 s and the trip signal is triggered at 0.5202 s.
In summary, for this internal fault, the distance protection relay and line differential protection relay wrongly ignore the fault; the EBP relay correctly trips the line at 0.5202 s. 
IV. SUPERVISION OF DATA INTEGRITY AND CORRECTION
The effectiveness of the proposed EBP relay is based on the assumption that there are no hidden failures that deteriorate the measurements. We can conclude from this method, therefore, that the inconsistency between the measurements and the model is caused by internal faults of the protection zone. Thus, the detection of hidden failures and the correction of corresponding measurements are also essential to reliability and security of EBP relay.
There are mainly two approaches for detecting hidden failures:
1) The first approach is to estimate the fault related parameters (location of the fault, fault admittance, etc.) during internal faults. This is achieved by altering the dynamic model of the protection zone to include fault related parameters. If the measurements fit the faulted protection zone model with a high confidence level, there exist no hidden failures; otherwise, there are hidden failures. 2) The second approach is to utilize redundant measurements. High measurement redundancy can be achieved by the use of data from the entire substation, also known as the centralized substation protection (CSP) scheme [17] . Once the confidence level is low, the hypothesis test is applied to examine whether this is caused by internal faults or hidden failures. The hypothesis test eliminates any suspected measurements and performs the EBP procedure again until a high confidence level is obtained (hidden failures are detected), or all measurements are covered (internal faults are detected).
After the detection of hidden failures, the proper correction actions may differ according to different root causes. If the root cause can be automatically corrected (e.g., a wrong CT ratio), the values will be updated in the database. If the root cause cannot be automatically corrected (e.g., a blown fuse), the bad data will be replaced with the estimated values and an alarm with the root cause will be sent to the control center for future maintenance.
From the above detection and correction procedure, the EBP relay can operate continuously, reliably and securely even with the presence of hidden failures.
V. CONCLUSION
Mutually coupled lines bring not only benefits, but also protection challenges. Legacy protection methods exhibit shortcomings for mutually coupled lines. The paper proposes a dynamic state estimation based protection (EBP) that promises better protection for mutually coupled lines. The method requires the dynamic model of the line under protection and measurements from both ends of the line. It uses a dynamic state estimator to determine the goodness of fit between measurements and the line dynamic model. Internal faults are detected by deviations between measurements and model. Numerical experiments were performed to compare typical legacy protection systems (distance protection with compensation method and line differential protection) to the EBP method. Results show the following advantages of the EBP method:
1) It performs well for lines that are partially coupled.
2) It can dependably and securely operate even with limited measurements in adjacent lines. 3) It detects internal fault faster than legacy schemes. 4) It can reliably detect inter-circuit faults. 5) It can reliably detect high impedance faults.
APPENDIX

QDM of π-Equivalent Mutually Coupled Line Section
This appendix describes QDM of π-equivalent mutually coupled transmission line section. An example π-equivalent section with 2 lines is provided in Fig. A1 . 
L (2) C ( The standard format of QDM is given in (1). The QDM parameters of the mutually coupled line section are: ; C = C
(1)
;
; all other vectors and matrices are null; I is the identity matrix; R (1) , L (1) , C (1) , R (2) , L (2) and C (2) are the resistance, inductance and capacitance matrices of line 1 and line 2; R (1, 2) , L (1, 2) and C (1, 2) are the mutual resistance, inductance and capacitance matrices between line 1 and line 2; i 
